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ABSTRACT: Aliphatic primary amines are prevalent in natural 
products, pharmaceuticals, and functional materials. While a 
plethora of processes are reported for their synthesis, methods that 
directly install a primary amine group into C(sp3)–H bonds remain 
unprecedented. Here, we report a set of new-to-nature enzymes that 
catalyzes the direct primary amination of C(sp3)–H bonds with 
excellent chemo-, regio-, and enantioselectivity, using a readily 
available hydroxylamine derivative as the nitrogen source. 
Directed evolution of genetically-encoded cytochrome P411 
enzymes (P450s whose Cys axial ligand to the heme iron has been 
replaced with Ser) generated variants that selectively functionalize 
benzylic and allylic C–H bonds, affording a broad scope of 
enantioenriched primary amines. This biocatalytic process is 
efficient and selective (up to 3930 TTN and 96% ee), and can be 
performed on preparative scale. 
Nitrogen is a key component of functional molecules: 80% of 
small-molecule drugs contain at least one nitrogen atom.1 
Particularly privileged are primary amines that serve as essential 
intermediates in the construction of secondary amines, tertiary 
amines, and heterocycles.2 A plethora of transformations have been 
developed to introduce the primary amine moiety into organic 
structures, given its importance as a fundamental functional 
group.2,3 Classical synthesis of primary amines usually relies on 
manipulation of functional groups, such as reduction of azides or 
nitriles, reductive amination of carbonyl compounds,4 and 
Buchwald-Hartwig amination of aryl halides.5 Although C–H 
functionalization has emerged as a promising strategy that 
maximizes atom- and step-economy, state-of-the-art methods for 
amine synthesis typically provide N-protected or N-substituted 
products that require additional manipulation to access the 
corresponding primary amines.6 Recently, a few methods have 
been developed for primary amination of C(sp2)–H bonds, 
including photoredox catalysis,7 electrochemical catalysis,8 and the 
use of other novel amination reagents and metal catalysts.9 Primary 
amination of C(sp3)–H bonds, however, has remained elusive. 
Biocatalytic approaches have been exploited to selectively 
introduce primary amine functionalities, as exemplified by 
transaminases,10 but these all require pre-oxidized substrates and do 
not introduce the amine at a C–H bond.
 Natural evolution has created diverse enzymes for selective C–
H functionalization, ranging from hydroxylation to halogenation, 
under ambient conditions.11 Among these, the direct hydroxylation 
of C(sp3)–H bonds catalyzed by cytochrome P450 enzymes 
(P450s) exemplifies the remarkable ability of enzymes to mediate 
transformations that are challenging for small-molecule catalysts. 
A high-valent iron oxo species, compound I, has been identified as 
the key intermediate.12 The biocatalytic repertoire of P450s has 
been expanded through directed evolution to include the ability to 
generate and transfer abiotic nitrene and carbene intermediates.13 
We and Fasan engineered P450s to catalyze C–H amination via 
sulfonyl nitrene intermediates leading to the formation of diverse 
sulfonamides.14 In spite of the prevalence and fundamental 
importance of aliphatic primary amines in the biological world, 
however, C(sp3)–H primary amination is unknown in biology. 
Figure 1. Enzymatic primary amination of benzylic C(sp3)–H 
bonds. (A) Reaction scheme of benzylic C(sp3)–H primary 
amination (Piv, pivaloyl, Tf, trifluoromethanesulfonyl). (B) Crystal 
structure of a variant (PDB ID: 5UCW) closely related to P411-B2 
(Section VIII in Supporting Information), with mutated residues 
marked in blue.14d (C) Evolutionary trajectory of benzylic C–H 
primary aminase (P411BPA) for the synthesis of benzylic amine 3a 
and the scale-up reaction. P411BPA was evolved through six rounds 
of SSM and screening from P411-B2 (Table S2). Indicated 
mutations are relative to P411-B2. Unless otherwise noted, reaction 
conditions were as follows: P411 variants in E. coli whole cells 
[optical density at 600 nm (OD600) = 16], 2.0 mM substrate 1a, 4.0 
mM substrate 2, 2.5 vol% EtOH in M9-N (pH 7.4) buffer, 800 µL 
reaction volume at 10 ℃ under anaerobic conditions for 12 h. The 
enantiomeric excess (ee) for P411-B2 was not determined due to 
the low yield. See the Supporting Information for further details of 
the scale-up reaction.
Here we addressed this challenge by directed evolution of a P450 
from Bacillus megaterium (P450BM3), which natively catalyzes 
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C(sp3)–H hydroxylation of fatty acids. We hypothesized that a 
high-valent unprotected iron-nitrenoid intermediate would allow 
for direct C(sp3)–H primary amination, a process analogous to C–
H hydroxylation through compound I. This iron-nitrenoid 
intermediate was demonstrated recently by us to enable 
aminohydroxylation of styrenyl olefins in an engineered 
cytochrome c.15 Considering the highly tunable activities of 
P450BM3 for C(sp3)–H functionalization conferred by the protein 
scaffold,12a,13 we envisioned that directed evolution could divert 
and subsequently amplify the reactivity of the unprotected iron-
nitrenoid species to primary amination of C(sp3)–H bonds. For this 
investigation we focused on engineered P450BM3 variants that have 
the iron-coordinating cysteine residue replaced by serine 
(cytochrome ‘P411s’). Substitution of the axial ligand increased the 
FeIII/FeII reduction potential and enabled the resulting P411s to 
perform C−H functionalization under physiological conditions 
without additional reductants.16  
We chose tetrahydronaphthalene 1a as the model substrate to test 
in a reaction with the putative iron-nitrenoid generated from 
hydroxylamine ester 2 (Figure 1A). Although C(sp2)–H primary 
amination of substrate 1a and its analogues is well established in 
synthetic chemistry,9 primary amination of benzylic C(sp3)–H 
bonds remains unknown. Indeed, test reactions of 1a and 2 with 
free heme only produced C(sp2)–H primary amination product 4a 
(Table S1). The transformation was then evaluated with a panel of 
P411 variants derived from P450BM3. The enzymes were expressed 
and screened in whole Escherichia coli cells. To suppress dioxygen 
inhibition, the reactions were performed under anaerobic 
conditions. A variant named P411-B2, previously engineered for 
benzylic C–H amination via a sulfonyl nitrene,14d was identified to 
produce the desired primary benzylic amine 3a with 8 total 
turnover number (TTN). Side product 4a resulting from C(sp2)–H 
primary amination was also detected, in a negligible amount (< 1 
TTN). These findings provided a starting point to test our 
hypothesis that protein engineering could divert and amplify the 
reactivity of the putative unprotected iron-nitrenoid to C(sp3)–H 
primary amination.
Variant P411-B2 was chosen as the starting template for directed 
evolution of an efficient benzylic C–H primary aminase (P411BPA). 
Sequential rounds of site-saturation mutagenesis (SSM) and 
screening were performed to improve catalytic activity and 
enantioselectivity for the synthesis of benzylic amine 3a. We 
referred to the crystal structure of a related P411 variant,14d and 
mainly chose amino acids proximal to the heme and/or residing on 
flexible loops for mutagenesis (Figure 1B). In each round of SSM, 
enzyme libraries were generated and screened by HPLC for product 
formation in 96-well plates in the form of whole-cell catalysts . 
Four rounds of SSM and screening introduced mutations G268P, 
V78M, L437F, and T327A, leading to an increase of ee to 64% and 
a 36-fold improvement of TTN to 290 (Figure 1C). Subsequent 
rounds introduced mutations E267D and S438G, leading to final 
variant P411BPA and further boosting ee to 93% and TTN to 750 
(Table S2). The formation of side product 4 remained negligible 
during directed evolution. Notably, the HPLC yield of 3a in 
reactions at analytical scale was as high as 85%, and primary amine 
3a could be isolated in 61% yield and with 92% ee by using simple 
acid-base extraction (1.0 mmol reaction scale). Although the 
biocatalytic process is scalable, the enzymes are sensitive to 
substrate concentration and higher concentration of hydroxylamine 
ester 2 usually leads to a decreased yield. 
With P411BPA in hand, we evaluated the substrate scope of 
alkanes, systematically targeting primary, secondary, and tertiary 
benzylic C–H bonds for primary C–H amination (Figure 2). For 
cyclic substrates bearing secondary benzylic C–H bonds, ring sizes 
ranging from four to six members were well tolerated, affording 
primary amines 3a–3c. Linear substrates with structurally and 
electronically diverse aryl groups proved to be compatible and 
delivered amines 3d–3l with excellent enantioselectivity. In 
addition to secondary benzylic C–H bonds (3d–3j), primary 
benzylic C–H bonds (3i–3l) and tertiary benzylic C–H bonds (3k) 
were also suitable with varying levels of efficiency and 
regioselectivity, highlighting the generality of this enzymatic 
transformation. Reaction at secondary and tertiary benzylic C–H 
bonds was more favorable than at their primary counterparts, as 
demonstrated by products 3i, 3j, and 3k. Amination of larger 
substrates than those shown here or substrates with heteroatoms 
typically occurred with diminished efficiency, and further directed 
evolution based on P411BPA may be required for such substrates 
(Figure S1).
Figure 2. Scope of benzylic amine products. Experiments were 
performed at analytical scale using enzyme-expressing E. coli cells 
resuspended to OD600 = 16 or 24 in M9-N medium (pH 7.4), 2.0 
mM substrate 1, 4.0 mM substrate 2, 2.5 vol% EtOH, and 800 μL 
reaction volume at 10 ℃ under anaerobic conditions for 12 
hours(Table S3). Regioisomeric ratio (r.r.) indicates the mole ratio 
of major product to combined minor regioisomers. Yields were 
quantified by HPLC based on the calibration curve of the 
corresponding reference products. a Yields and TTNs were 
calculated based on all regioisomers.
Having achieved primary amination of benzylic C–H bonds, we 
next asked whether the enzymes could aminate other types of 
C(sp3)–H bonds, particularly in the presence of sensitive olefins. 
With hydroxylamine derivatives as nitrogen sources and small-
molecule catalysts, alkene substrates were reported to undergo 
olefin functionalization.17 As expected, we observed only amino 
alcohol 7a in the reaction of model substrate 5a and hydroxylamine 
2 with free heme as the catalyst (Table S1). Enzymes, however, 
often feature chemoselectivity in biochemical processes that can be 
tuned by protein engineering.18 Therefore, we envisioned that 
appropriate engineering of P411BPA-related enzymes would enable 
selective functionalization of allylic C–H bonds while minimizing 
the undesired olefin side reactions. Screening revealed that 
P411BPA-related variants had the desired allylic C–H primary 
amination activity (Figure 3A). Byproduct 7a was only formed in 
trace amounts (Table S4), and anilines resulting from C(sp2)–H 
primary amination were not observed. Starting from an 
intermediate variant P411BPA’ having five mutations from P411-B2, 
we performed two rounds of SSM and screening to generate allylic 
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C–H primary aminase (P411APA) with two additional mutations 
(N395R, S438A). P411APA is exceptionally efficient and selective 
(3930 TTN, 93% HPLC yield, and 94% ee), and the enzymatic 
process is easily scalable, with 75% isolated yield (1.0 mmol 
reaction scale).
P411APA is capable of functionalizing primary, secondary, and 
tertiary allylic C–H bonds with a broad substrate scope (Figure 3B). 
For styrene-type substrates bearing secondary allylic C–H bonds, 
phenyl groups with varying substituents were tolerated well to 
afford allylic amines 6a–6g with excellent activity and 
enantioselectivity. In the presence of primary benzylic C–H bonds, 
allylic C–H bonds were functionalized with complete 
regioselectivity (6e–6g). Substrates with heterocyclic substituents 
such as thiophenyl (6h) and longer aliphatic substituents (6i) also 
proved to be suitable. Single regioisomer 6j was exclusively 
afforded, indicating P411APA can discriminate between highly 
similar secondary allylic C–H bonds. Tertiary and primary allylic 
C–H bonds could also be aminated efficiently to give products 6k 
and 6l. Notably, aromatic groups on the alkene moiety are not 
necessary for allylic C–H amination activity, and products 6m–6p 
were successfully synthesized. For substrates with different types 
of reactive C–H bonds, P411APA exhibits high levels of 
regioselectivity. While 2-hexene gave a mixture of regioisomers 
(6n), single regioisomers were observed for other alkenes with up 
to four sets of allylic C–H bonds (3o, 3p), such as α-terpinene. 
Although the regioselectivity between secondary and primary C–H 
bonds is dependent on substrate patterns (6n, 6p), P411APA 
exclusively functionalized primary C–H bonds over weaker tertiary 
C–H bonds (6o, 6p), which is contrary to the regioselectivity of 
P411BPA (3k). Similar to P411BPA, further directed evolution of 
P411APA may be required for efficient functionalization of terminal 
or larger alkene substrates, especially complex natural products 
(Figure S1). 
Figure 3. Engineering enzymes for allylic C–H primary amination 
and the substrate scope. (A) Evolutionary trajectory of allylic C–H 
primary aminase (P411APA) for the synthesis of allylic amine 6a 
and the scale-up reaction. P411APA was evolved through two more 
rounds of SSM and screening starting from an intermediate 
benzylic C–H aminase having five mutations with respect to P411-
B2 (Table S4). The indicated mutations are relative to P411-B2. (B) 
Substrate scope of allylic C–H primary amination (Table S5). 
Yields were quantified by HPLC based on the calibration curve of 
the corresponding reference products. a Absolute configuration of 
6j could not be determined. b Yields and TTNs were calculated 
based on all regioisomers. c Products were characterized and 
quantified by their benzoyl-protected amines. 
In conclusion, we have engineered C(sp3)–H primary aminases 
that constitute a general platform for selective primary amination 
of primary, secondary, and tertiary C–H bonds at benzylic and 
allylic positions. These laboratory-evolved enzymes provide a new 
approach to accessing aliphatic primary amines with high 
chemoselectivity, regioselectivity, and enantioselectivity. 
Considering the fundamental roles of primary amines in the 
biological world and the natural occurrence and biocompatibility 
of hydroxylamine derivatives, we anticipate that these new, fully 
genetically-encoded enzymes will provide a starting point to extend 
or even reformulate currently mapped nitrogen metabolism. Such 
activities may, in fact, already exist in nature, whose vast catalytic 
capabilities have only been partially explored. Further elucidation 
of the catalytic mechanism and characterization of the key 
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intermediate would be valuable to generalize this process and 
inspire the design of corresponding small-molecule catalysts. 
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 Figure 1. Enzymatic primary amination of benzylic C(sp3)–H bonds. (A) Reaction scheme of benzylic 
C(sp3)–H primary amination (Piv, pivaloyl). (B) Crystal structure of a variant (PDB ID: 5UCW) closely 
related to P411-B2 (the sequence of P411-B2 can be found in the Supporting Information), with mutated 
residues marked in blue.14d (C) Evolutionary trajectory of benzylic C–H primary aminase (P411BPA) for the 
synthesis of benzylic amine 3a and the scale-up reaction. P411BPA was evolved through six rounds of SSM 
and screening from P411-B2 (Table S2). Indicated mutations are relative to P411-B2. Unless otherwise 
noted, reaction conditions were as follows: P411 variants in E. coli whole cells [optical density at 600 nm 
(OD600) = 16], 2.0 mM substrate 1a, 4.0 mM substrate 2, 2.5 vol% EtOH in M9-N (pH 7.4) buffer, 800 µL 
reaction volume at 10 ℃ under anaerobic conditions for 12 h. The enantiomeric excess (ee) for P411-B2 was 
not determined due to the low yield. See the Supporting Information for further details of the scale-up 
reaction. 
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 Figure 2. Scope of benzylic amine products. Experiments were performed at analytical scale using enzyme-
expressing E. coli cells resuspended to OD600 = 16 or 24 in M9-N medium (pH 7.4), 2.0 mM substrate 1, 4.0 
mM substrate 2, 2.5 vol% EtOH, and 800 μL reaction volume at 10 ℃ under anaerobic conditions for 12 
hours. See Table S3 for further details. Regioisomeric ratio (r.r.) indicates the mole ratio of major product 
to combined minor regioisomers. Yields were quantified by HPLC based on the calibration curve of the 
corresponding reference products. a Yields and TTNs were calculated based on all regioisomers. 
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 Figure 3. Engineering enzymes for allylic C–H primary amination and the substrate scope. (A) Evolutionary 
trajectory of allylic C–H primary aminase (P411APA) for the synthesis of allylic amine 6a and the scale-up 
reaction. P411APA was evolved through two more rounds of SSM and screening starting from an 
intermediate benzylic C–H aminase having five mutations with respect to P411-B2 (Table S4). The indicated 
mutations are relative to P411-B2. (B) Substrate scope of allylic C–H primary amination. See Table S5 for 
more details. Yields were quantified by HPLC based on the calibration curve of the corresponding reference 
products. a The absolute configuration of 6j could not be determined. b Yields and TTNs were calculated 
based on all regioisomers. c Products were characterized and quantified by their benzoyl-protected amines. 
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